Abstract: CGG-repeat expansion mutations of the fragile X mental retardation 1 (FMR1) gene are the leading known cause of autism and autism spectrum disorders (ASD). Full mutation expansions (>200 CGG repeats) of the gene are generally silenced, resulting in absence of the FMR1 protein and fragile X syndrome. By contrast, smaller expansions in the premutation range (55-200 CGG repeats) result in excess gene activity and RNA toxicity, which is responsible for the neurodegenerative disorder, fragile X-associated tremor/ataxia syndrome (FXTAS), and likely additional cases of developmental delay and autism. Thus, the FMR1 gene is causative of a common (autism) phenotype via two entirely different pathogenic mechanisms, RNA toxicity and gene silencing. The study of this gene and its pathogenic mechanisms therefore represents a paradigm for understanding gene-brain relationships and the means by which diverse genetic mechanisms can give rise to a common behavioral phenotype.
INTRODUCTION
Within the past decade a family of disorders has been described in which each phenotypically distinct disorder is caused by expansion mutations of the fragile X mental retardation 1 (FMR1) gene. These disorders include fragile X syndrome [FXS, 1] , fragile X-associated tremor/ataxia syndrome [FXTAS, 2, 3] , fragile X-associated premature ovarian failure [FXPOF, 4] , and psychiatric problems including autism and autism spectrum disorders (ASD) associated with both the premutation and the full mutation [5] [6] [7] [8] [9] . The characterization of the many phenotypes associated with fragile X mutations has paralleled a greater understanding of the molecular underpinnings for both the full mutation (>200 CGG repeats; lack of the FMR1 protein, FMRP), and the premutation (55 to 200 CGG repeats; elevated FMR1 mRNA and RNA toxicity) (Fig. 1) . Because of our expanding knowledge of the molecular and neurobiological changes that occur in FXS, new targeted treatments are being developed that may reverse the cognitive and behavioral changes associated with the disorder [10, 11] . Newborn screening for expanded FMR1 alleles is in process [12] , providing the opportunity for intensive early intervention to improve the outcome of children affected by this mutation. Mutations in the FMR1 gene can give rise to autism as a component of the broader FXS phenotype, with substantial similarities between the autism associated with FXS and other as-yet-undefined (idiopathic) forms of autism; therefore, we believe that the autism of FXS constitutes a genetic paradigm for the study of the common molecular pathways leading to all forms of autism. Identification of those pathways will facilitate the development of targeted treatments for both FXS and autism.
OVERVIEW OF AUTISM
Autism is a behavioral disorder that is currently (operationally) defined as a single entity on the basis of the DSM-IV-TR criteria [13] ; however, there are many known biological/molecular causes of the autism behavioral phenotype [14, 15] . The molecular tools that can now be utilized in the medical workup of children diagnosed with autism have expanded remarkably in the past few years. Whereas in the past decade we could identify approximately 10-15% of the underlying causes of autism [16, 17] , more recent studies have increased this percentage to 20-41% in those instances where a thorough genetic workup includes sophisticated metabolic and molecular studies [15, [18] [19] [20] .
A recent advance in diagnostic testing includes array comparative genomic hybridization (CGH) analysis for small genomic insertions/deletions, including sub-telomeric deletions [21] . The most common findings in autism identified on array CGH are similar to the high resolution cytogenetic and FISH studies recently reported by Vorstman, Staal et al. [22] . These findings include deletion of 2qter, deletion of 22qter, and duplication of 15q11-q13 (Prader-Willi Syndrome/Angelman Syndrome; PWS/AS critical region) [23] . In screening 29 individuals with ASD using 1Mb CGH arrays, Jacquemont, Sanlaville et al. [23] found abnormalities in 8 individuals (28%). Subtelomeric deletions of 22q13 were common and were typically associated with developmental disabilities, absent or delayed speech, and other autistic behaviors. This finding led to the discovery of a new autism-associated gene, SHANK3, within this region. SHANK3 encodes a synaptic protein that is critical for proper brain development; point mutations of this gene cause ASD [21, 24] .
An additional finding based on array CGH analysis is that duplication of the MECP2 gene is associated with severe developmental delay and autism [25, 26] . MECP2 point mu-tations cause Rett syndrome and its associated autistic features, presumably due to the absence of a functional methylCpG binding protein (MeCP2). This protein normally silences transcription of specific genes, leading in turn to upregulation of genes at inappropriate times or locations during development. Although MECP2 mutations were thought to be lethal in males, we now know that 1 to 2% of males with intellectual disability with an X-linked pattern will have an MECP2 mutation [27] . The MECP2 gene also demonstrates expression abnormalities that are associated with autism. Samanco, Nagarajan et al. [28] studied the brains of children and adults who had died with autism and found significantly lowered expression of MeCP2 compared to control brains. Therefore, autism can result not only from structural mutations in some genes, but also from expression changes in structurally normal genes [29, 30] . This concept should reveal new diagnostic methods to identify the molecular bases of newly-discovered genetic causes of autism and may also help us understand the layering of genetic changes that can ultimately produce the autism phenotype.
The molecular and neurobiological advances in autism have lead to identification of a variety of genes involved in ASD, which share several categories of function. Such genes can regulate the expression of other genes (e.g., MECP2, FMR1, WNT2, HOX1A), alter actin cytoskeleton dynamics (TSC1/TSC2, NF1), affect synapse formation and plasticity (FMR1, NLGN3, NLGN4), operate as components of second messenger systems (i.e., PRKCB1, CACNA1C), and influence neuronal migration (RELN, LAMB1, NrCAM) [14] . Mutations in genes that guide or facilitate proper neuronal connectivity, and genes involved with either inhibitory (GABAergic) or stimulatory (glutamatergic) synaptic connections are also contributory to autism [31] (Fig. 2) . Although the developmental program for these neural networks Fig. (1) . Schematic of the entirely distinct mechanisms of molecular pathogenesis for fragile X-associated tremor/ataxia syndrome (FXTAS), RNA toxicity due to the elevated levels of expanded-CGG-repeat FMR1 mRNA; and fragile X syndrome, gene silencing and absence of FMR1 protein (FMRP).
Fig. (2).
Multiple genetic causes of autism and the mechanisms through which they act to disrupt neural connectivity and synaptic function.
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in the CNS is genetic, environmental influences can have a significant effect on how these systems develop [32] . For example, recurrent seizures, significant birth trauma, inflammatory processes, or environmental toxins can all adversely affect neuronal connectivity with consequent developmental problems or even autism. Conversely, intensive behavioral and/or educational intervention can have a positive influence on development, with mitigation of the symptoms of autism [33] . In this regard, one of the key proteins for translating environmental stimuli to changes in synaptic structure is the FMR1 protein (FMRP) that is deficient or missing in fragile X syndrome [34, 35] .
Fragile X Syndrome
Full mutation alleles of the FMR1 gene (>200 CGG repeats) are typically methylated, leading to reduction or absence of FMR1 mRNA and, as a consequence, of FMRP. It is the lack of FMRP that results in fragile X syndrome (FXS). FMRP is an RNA binding protein that is thought to transport a number of mRNAs of other genes to the postsynaptic region; FMRP is also thought to inhibit the translation of these mRNAs. This important role of FMRP in the regulation of synaptic function is likely why its absence leads to ASD. Although the precise molecular mechanisms are still being revealed, absence of FMRP is thought to result in increased (or unregulated) translation of synaptic mRNAs, leading in turn to the upregulation of proteins that influence synaptic function and plasticity [34] (Fig. 2) .
The prevalence of FXS with mental retardation is approximately 1 per 3,600 males in the general population; however, females with FXS usually present with learning disabilities [36] [37] [38] [39] . The frequency of full mutation alleles among females in the general population is approximately 1 per 2,700 [40] . The prevalence of the premutation range of 55 to 200 CGG repeats is approximately 1 per 130-260 females and 1 per 300-800 males in the general population [41] [42] [43] .
Typical physical features of FXS include prominent ears, a long narrow face, hyperextensible finger joints, and macroorchidism in puberty [44, 45] . Approximately 85% of males and 25% of females with the full mutation have an IQ level < 70 [46] . Females with FXS more typically present with learning disabilities, and approximately 40% have a borderline IQ (70) (71) (72) (73) (74) (75) (76) (77) (78) (79) (80) (81) (82) (83) (84) (85) , although 30% have an IQ in the normal range (>85) [46, 47] . For individuals with a normal or borderline IQ, the presenting features are emotional and behavioral problems; particularly involving shyness, social anxiety and mood instability. Hyperanxiety disorder, social phobia, selective mutism, or ADHD are seen commonly and are part of the behavioral phenotype in those with FXS, whether they have intellectual impairment or not [45, 48] (see Table 1 ). Approximately 30% of children with FXS have clinically-defined autism, based on the formal DSM-IV-TR criteria, and an additional 20% have pervasive developmental disability, not otherwise specified (PDDNOS); thus, autism and the broader autism spectrum disorders (ASD) are also part of the behavioral phenotype of FXS [6] [7] [8] [9] 49] . Even children with FXS without a diagnosis of ASD typically have poor eye contact, unusual hand mannerisms, perseveration in speech and other features that are components of autism. Although FXS is the most common inherited cause of intellectual disability, milder forms of FXS involving psychological problems and/or learning disabilities without mental impairment are increasingly being recognized. This expanding recognition of the breadth of the phenotype of FXS is facilitating more frequent diagnosis and treatment of FXS [50] [51] [52] .
In the context of this discussion, it is important to stress that the expansion mutations of the FMR1 gene constitute a leading cause of autism, both in terms of the extremely high association between FMR1 mutations and autism, and by virtue of the fact that the autism of FXS fully satisfies the DSM-IV-TR criteria. This issue is important, since a large segment of the medical/scientific community still regards "idiopathic" autism as somehow fundamentally distinct from the autism of FXS, or from any other known single-gene disorder with autism as a component of the phenotype. Causation is a remarkably imprecise term when applied to genetic and/or environmental factors that lead to disease phenotypes. In the case of FXS, full mutations of the FMR1 gene give rise to DSM-IV-TR autism at a rate that is at least fifty-fold greater than in the general population; thus, 49 out of 50 FXS children with autism have autism as a result of the abnormal FMR1 gene. It is thus formally correct to consider FMR1 mutations to be a contributing cause of autism just as phenylalanine hydroxylase (PAH) mutations are a contributing cause of the autism associated with PKU. Both FMR1 and PAH mutations require an additional factor for full expression of the autism phenotype; in the case of PAH mutations, the other factor is a diet containing phenylalanine. In FXS, there is variability in the levels of FMRP and those with the most severe deficit of FMRP are most likely to have autism [6, 8] . However, additional medical problems that affect the CNS, including seizures, additional genetic problems, or CNS structural defects, are also increased in those with FXS and ASD compared to FXS without autism [unpublished results]. An important example of this additive genetic effect to FXS is the Prader-Willi Phenotype (PWP) of FXS [53] . These children with FXS have hyperphagia, obesity, a lack of satiation after meals, small genitalia and a higher rate of ASD than what is seen in FXS generally. Although the critical region for PWS at 15q is normal structurally, a gene located in this region produces a protein, Cytoplasmic Interacting FMR1 Protein (CYFIP) that is dramatically down regulated in those with the PWP compared with normal individuals, and compared to those with FXS without the PWP [53] . CYFIP interacts with Rac and Rho and is important for synaptic function and neuronal migration, so it likely produces other problems that are additive to the autism phenotype in FXS. There may be overlap with other causes in patients with idiopathic autism, particularly those that have obesity or evidence of hypothalamic dysfunction. Indeed, the broader goal of autism research is to define all of the contributing causes of the behavioral phenotype of autism, or the phenotypic spectrum of autism, and in each individual there is likely a layering of genetic causes. As a single gene disorder that has an influence on multiple genes and pathways, FXS provides a valuable model for dissecting the neurochemical pathways that lead to autism.
Commonalities between FXS and Idiopathic Autism
Although there is a remarkably strong association between autism and FXS as well as commonalities across the phenotypes of idiopathic autism and FXS, there is also remarkable heterogeneity in the autism phenotype that occurs in FXS. This heterogeneity, undoubtedly a consequence of additional genetic factors, but perhaps also due to as-yetunidentified environmental factors. For instance, individuals with the PWP of FXS are usually autistic with hyperphagia, obesity and obsessional thinking about food, whereas FXS individuals without the PWP may have autism with severe anxiety, aggression, or severe mood instability. The allelic variants of the serotonin transporter have been associated with autism and this is now being studied in fragile X [54] . So far we have found a higher rate of homozygosity of the long allele of the serotonin transporter in boys with FXS and aggression compared to those with FXS without aggression.
Psychophysiological studies in FXS have demonstrated hyperarousal of the autonomic system with sensory stimuli, particularly enhancement of the sympathetic response, as measured by the sweat response in electrodermal studies [55, 56] , and by decreased vagal tone [57] [58] [59] . The enhanced sympathetic response and lack of habituation with stimuli correlates with the degree of FMRP deficit seen in patients with FXS [55] . Interestingly, the coexistence of autism in FXS is correlated with higher arousal and less tolerance to environmental stimuli compared to cases of FXS without autism [60] ; thus, hyperarousal and lack of appropriate attenuation with stimuli is associated with the autism subphenotype in FXS. Roberts, Boccia et al. [57] demonstrated in preliminary studies that boys with FXS and autism also have decreased vagal tone with transitions compared to boys with FXS without autism. The enhanced arousal in children with FXS is likely related to sympathetic hyperarousal coupled with stress and anxiety and the enhanced release of cortisol [61] [62] [63] . A subgroup of individuals with idiopathic autism also have enhanced sensory modulation problems [64, 65] ; therefore, FXS represents a useful model for this subtype of autism.
Recent studies of prepulse inhibition (PPI), a measure of frontal gating, have demonstrated deficits in PPI in children with FXS compared to controls [66] . The PPI deficit in FXS demonstrates an inhibitory deficit frontally and may be related to GABA deficits that have been documented in the knock out (KO) mouse model of FXS [11, 67] . The PPI deficits have also been seen in patients with autism who do not have FXS [68] . This again may reflect commonalities in GABA deficits between FXS and idiopathic autism.
A concordant physical feature of FXS and idiopathic autism, seen early on in development, is a large head. Chiu, Wegelin et al. [69] have demonstrated that children with FXS and ASD have a head that grows faster than children with FXS without ASD. This finding parallels the rapid head growth seen in children with idiopathic autism reported by Courchesne, Carper et al. [70] and others, i.e., Mills, Hediger et al. [71] . Individuals with idiopathic autism and macrocephaly have been investigated genetically and 18% were found to have a PTEN mutation [72] . PTEN is a gene with pleiotropic functions that include regulation of cell growth, suggesting molecular commonalities in the pathways that lead to growth dysregulation in FXS related to hypothalamic dysfunction [45] and PTEN-coupled growth dysregulation.
Seizures have also long been recognized as part of the phenotype in FXS. Wisniewski et al. [73] reported that the seizures usually occurred in childhood, although seizures may also occur in adulthood [74] . In a summary of seizures in FXS from several prior studies, Musumeci et al. [75] found that approximately 23% (65/285) of males with FXS had seizures. The EEG patterns in patients with FXS and seizures typically include temporal and central spikes that are reminiscent of benign Rolandic spikes [74, 75] . Approximately 50% of children with FXS and without clinical seizures can have these spike wave discharges on the EEG [76] . Whether the presence of seizures is associated with more severe cognitive deficits in FXS is unclear. Our recent work has demonstrated that seizures are more frequent in children who have FXS plus ASD (28% with seizures) compared with FXS without autism (12% with seizures) [unpublished results].
Neuroimaging Studies in FXS and Autism
There is a growing body of work employing neuroimaging techniques in individuals with FXS as well as in those with autism, and a number of structural abnormalities have been observed in each group. In FXS, these abnormalities include hypoplasia of the cerebellar vermis [77] [78] [79] , increased fourth and lateral ventricles [77] [78] [79] [80] [81] , larger caudate nuclei [81, 82] , and significantly increased thalamic volume in girls [81] [82] [83] . In autism, the results have been more variable, owing at least in part to the complications of group heterogeneity and limited sample sizes. Notwithstanding this variability within the autism group, one of the features that emerges most clearly is the presence of reduced volume of cerebellar hemispheres and vermal lobules [84] [85] [86] [87] -findings consistent with those observed in FXS. In accord with these neuroanatomical similarities between the two disorders, the anxiety and posterior cerebellar area measures in FXS have distinct associations with subsets of autistic behaviors; specifically, the posterior cerebellar vermis area is negatively correlated with measures of communication and stereotypic/restricted behaviors [88] . Likewise, the severity of stereotypic/restricted behaviors in this study was negatively correlated with the activation ratio (AR; the fraction of normal FMR1 alleles that are active). The evidence that the size of posterior cerebellar vermis (an area involved in motor function, cognition and sensory perception) is directly associated with subsets of autistic behaviors in FXS underscores the potential benefit of studying the autism of FXS for a broader understanding the neurobiology of autism. Another brain region that has been consistently implicated in both FXS and idiopathic autism is the parietal lobe. There are now converging lines of evidence indicating that there are abnormalities in parietally-mediated processing in FXS. In a functional neuroimaging (fMRI) study of simple mental arithmetic processing, females with the FXS full mutation exhibited less overall activation than did unaffected individuals during both 2-operand (e.g., 2 + 1 = 3) and 3-operand (e.g., 3 + 3 -1 = 5) trials [89] . Unlike the unaffected group, participants with FXS did not show increased extent of activation in association with greater task difficulty and were not able to efficiently increase recruitment of their parietal cortex to execute the more difficult, 3-operand addition and subtraction problems. There was a positive correlation between FMRP and activation in left parietal regions (including angular, supramarginal gyrus) during the 3-operand trials, providing evidence of abnormal, parietally-mediated cognitive processing in persons with FXS, and that decreased FMRP production underlies the deficits in mental arithmetic performance experienced by this population.
Evidence for parietal lobe dysfunction in FXS comes from work in early visual processing, which points to a socalled "dorsal stream" deficit. There is growing support for the existence of two parallel streams of processing, extending from V1 to other areas of the cortex: a stream directed ventrally (ventral stream) through the temporal lobe (the "what" pathway) and a stream directed dorsally (dorsal stream) through the parietal lobe (the "where" pathway) [90] [91] [92] [93] . The dorsal stream is thought to be crucial in the visual control of action, while the ventral stream is believed to be involved in pattern recognition and object identification. Kogan et al. [94] has provided both neurobiological and behavioral evidence that the visual-motor deficits evident in FXS are attributable to a selective dorsal stream deficit. Mazzocco and colleagues [95] examined visuospatial skills as well as mathematical performance in non-mentally retarded girls with FXS. While their experiments were not designed to specifically probe dorsal versus ventral pathway functioning, their results were intriguingly suggestive of deficits tied to dorsal stream processing. When subjects were matched on MA, girls with FXS were significantly worse than both typically developing girls, and girls with Turner syndrome, on (a) math tasks and (b) one sub-test of the Developmental Test of Visual Perception (DTVP-2) -the "position in space" task, which involves identifying which of several similar or identical shapes matches the overall spatial position of a target stimulus. This data adds to the growing body of research suggesting a dorsal stream deficit in FXS.
Recent investigations also point to a general deficit in dorsal stream processing in autism. Much of the evidence for this comes from studies of biological motion processing, with reports of increased thresholds in either coherent motion detection or biological motion perception obscured by "noise" dot stimuli [96] [97] [98] . In addition, behavioral performance on a biological motion recognition task (person vs. nonperson judgment) was found to be impaired in autism, and correlated strongly with autistic symptomology [99] .
Another line of research that supports a dorsal stream deficit hypothesis in autism is the finding of deficits in smooth pursuit eye movements [100] , which in schizophre-
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nia has been found to be the result of dysfunction in the dorsal stream areas MT/V5 and the middle superior temporal area (MST) [101] . This type of deficit in dorsal stream processing could result in a visual perception bias in those with autism towards the ventral stream. Given that the dorsal stream tends to be specialized for quick processing of global, low spatial-frequency information and the ventral stream for slower processing of local, high-spatial frequency detail, these data suggest a general weakening of the dorsal stream that results in a bias towards the ventral stream in autism. (See [102] , for a discussion of the relevance of these findings to FXS).
Overall, these findings lend support to the hypothesis that when autistic behavior and FXS co-occur, the effect may be additive in its impact on development. If substantiated by further research, these results suggest that children with both FXS and autism may be at increased risk for severely compromised development during the early years, and more intensive or specialized approaches to intervention may be warranted.
Animal Models and Targeted Treatments for FXS
Neurobiological studies in the animal models of FXS have demonstrated both glutamate and GABA system abnormalities that are hypothesized to be related to the behavioral and neurological problems in humans with FXS [10, 11, [103] [104] [105] . GABA-mediated inhibition is important in the epileptic process because it terminates ictal discharges and limits the spread of hyperexcitability [106] . The loss of FMRP in FXS leads to a dramatic lowering of the seizure threshold resulting in clinical seizures in 20% and spike wave discharges in approximately 50% of patients as previously described [75] . Imbalances in glutamate and GABA systems are also hypothesized in other forms of autism [31] .
Recent studies on the mouse model of FXS have demonstrated decreased expression of the GABA A receptor subunits, particularly the delta subunit [11, 107] . As GABA A receptors are the major inhibitory receptors in the brain and are involved in processes that are disturbed in fragile X, including seizures, anxiety, insomnia and learning, an agonist for this receptor may have major therapeutic benefits for FXS [67] . Differential expression profile studies in the KO mouse have shown consistent underexpression of the delta subunit of the GABA A receptor in the cortex in multiple genetic backgrounds of the fragile X KO mice compared to control littermates [107] . Subsequent studies have shown that not only is the delta subunit underexpressed (lower levels of mRNA), but also seven other subunits, including alpha1, 3, and 4; beta 1 and 2; and gamma 1 and 2 [11] . Further studies in the Drosophila model of FXS demonstrated approximately 50% reduction in all 3 subunits responsible for the assembly of the GABA receptor in dFmr1 mutants compared with the wild type strain [11] . Miyashiro et al. [108] demonstrated direct binding between FMRP and the mRNA of the delta subunit of the GABA A receptor, suggesting that FMRP is required for the transport and/or localization of this subunit. Not only is expression disrupted, but also the protein levels of the beta subunit of the GABA A receptor is reduced in cortex, hippocampus, diencephalon, and brainstem in the KO mouse [109] . It has been found that the ratio between inhibitory (taurine and GABA) and excitatory (aspartate and glutamate) amino acids is decreased in the brainstem, hippocampus and caudal cortex of the KO mouse [110] . There is also electrophysiologic evidence that decreased GABAergic system efficacy in KO mice interferes with cholinergic mechanisms [111] . Therefore, reversal or treatment of this specific deficit in patients with FXS may have beneficial effects in development and in aging. The evidence in animal models of FXS is strong for dysfunction of the GABA A receptor subunits and there is an opportunity now for translational research utilizing a new neuroactive steroid (epalon) anticonvulsant, ganaxolone.
In mammals, approximately 30-50% of all synapses in the CNS are GABAergic [112] . GABA A receptors mediate fast synaptic inhibition in the brain and spinal cord. There are many drugs that modulate this receptor, including ethanol and benzodiazepines; and the epalons, including ganaxolone, modulate this receptor through a unique site. Ganaxolone is a synthetic analogue of allopregnanolone, a metabolite of progesterone. However, ganaxolone is devoid of any hormonal activity [113] and has passed through phase I and II trials with demonstrated efficacy in infantile spasms in human infants and young children [114] and an absence of significant toxicity even in young children. The side effects include mild sedation but this is not as noticeable as with benzodiazepines. Controlled studies are planned to assess whether ganaxolone will be an efficacious treatment in children and adults with FXS.
The metabotropic glutamate receptor 5 (mGluR5) antagonists also represent potential therapeutic agents for individuals with FXS [115] . Huber, Gallagher et al. [103] demonstrated enhanced long term depression (LTD) in the hippocampus of the KO mouse model of FXS. The enhanced LTD was mediated by the mGluR5 pathway and FMRP normally inhibits the translation of proteins that internalize the AMPA receptors at the synapse, leading to LTD or weakening of synaptic connections [10] . When FMRP is absent or deficient in neural cells, as is the case in FXS, there is enhanced LTD leading to weak synaptic connections. This phenomenon is thought to be responsible for the mental impairment in FXS [10] . The study of the mGluR5 antagonist, MPEP, in the KO mouse model of FXS has led to a decrease in seizures and some improvement in cognition [116] . The study of MPEP and another partial mGluR5 antagonist, lithium, in the Drosophila model for fragile X has demonstrated enhanced cognition and reversal of the brain structural abnormalities caused by the KO mutation in dfmr1 [117] . Studies using mGluR5 inhibitors and lithium in animal models suggest that there may be merit in using such agents to treat patients with FXS, and clinical trials are either underway or are being designed; however, MPEP itself is too toxic for use in humans. The first of the new experimental medications to be tried in FXS is fenobam, an anti-anxiety medication that was recently discovered to be an mGluR5 antagonist [118] .
Clinical Involvement Among Carriers of FMR1 Premutation Alleles
The most remarkable phenotypic development in the fragile X field in the past decade has been the recognition of various forms of clinical involvement in some individuals with the premutation (55 to 200 CGG repeats). Although
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premutation carriers were initially considered non-penetrant (clinically unaffected) by the premutation, there are now at least two major forms of involvement among premutation carriers: premature ovarian failure (POF; primary ovarian insufficiency, POI), first reported in 1991 [119] ; and the fragile X-associated tremor/ataxia syndrome (FXTAS), reported initially in 2001 [2] . Both disorders only affect a subgroup of premutation carriers, although milder involvement may be common for both the endocrine and neurological problems [120, 121] . In addition to adult involvement among carriers, there is substantial evidence that a subgroup of boys with the premutation have social deficits, autism spectrum disorders, and ADHD [5, 122, 123] (See Table 1 ). The mechanism of involvement in the premutation is entirely different from the full mutation in that the FMR1 mRNA levels are substantially increased in the premutation range, leading to an RNA toxic gain-of-function that adversely affects neuronal function and survival [124] [125] [126] .
POF occurs in approximately 20% of female carriers [4, [127] [128] [129] [130] [131] . In a review of screening studies of women who present with POF, 9.5% (9/95; 95% CI: 4.4%-17.2%) of those with familial POF have the premutation and 3.0% (8/267 CI: 1.3%-17.2%) of those with sporadic POF have the premutation [132] [133] [134] [135] [136] [137] [138] [139] . Further endocrine studies demonstrate that although approximately 20% of carriers have POF, those carriers that are cycling normally also have endocrine dysfunction [121] . Welt, Smith et al. [121] studied 11 normally ovulating premutation carriers (ages 23 to 41 years) and demonstrated a significantly shortened cycle, elevated FSH throughout the cycle (91% with elevations >2 SD above the mean), elevated inhibin B in the follicular phase, and elevated inhibin A and progesterone in the luteal phase, compared to controls. These findings suggest a decreased number of follicles and granulosa cell dysfunction, or decreased cell number in the corpus luteum, compared to controls. In addition, 45% (5 of 11) had a history of infertility as defined by 1 year of unprotected intercourse without a pregnancy. This study demonstrates sub-clinical ovarian dysfunction in premutation females who do not have POF.
A recent study by Sullivan et al. [4] involving over 500 women representing a broad range of CGG repeats, from the normal range into the high end of the premutation range, demonstrated a significant, non-linear association between CGG repeat number and prevalence of POF. For those with a repeat <40, the prevalence of POF was 0.9%; for those with 41-58 repeats, the prevalence increased to 2.2%; for those with 59-79 repeats, the prevalence was 5.9%; for those with 80-99 repeats, the prevalence was 18.6%; and for those with > 100 repeats, the prevalence decreased to 12.5%. Those authors suggested that individuals with a high CGG repeat number may have some ovarian target cells with a full mutation, or perhaps some cells have early methylation at a lower CGG repeat number, which may protect those cells from the toxicity of the premutation. The Sullivan et al. [4] paper also found an overall effect of the CGG repeat size on age of menopause, with low-end CGG repeats demonstrating menopause 2.5 years earlier than controls, and medium-to high-end premutation carriers demonstrating menopause and additional 4 years earlier than low-end carriers. For women who were still cycling, there was a CGG repeat effect on the FSH level, but only when controls and carriers were included. The activation ratio (AR) correlated with FSH levels when all women were included [4] .
Other physical problems, which occur in approximately 25% of premutation carriers, include prominent ears and hyperextensible finger joints [140, 141] (See Table 1 ). However, these features [142] appear to be a mild version of the physical features that occur in those with the full mutation and thus may be related to subtle deficits of FMRP that can occur particularly in the upper range of the premutation [44, 143, 144] . In contrast, POF is not seen in individuals with the full mutation, suggesting that it is also related to the toxic effects of the elevated FMR1 mRNA, which occurs almost exclusively in the premutation range [124, 145] . FMR1 is more highly expressed in ovarian follicles compared to other organs [146] , which would make it more vulnerable to FMR1 mRNA toxicity.
The basis for the psychological and emotional problems found frequently in premutation carriers has remained controversial, due to the confounding effects of the stress of raising a child with FXS [147] (See Table 1 ). Reiss et al. [148] reported no emotional problems in female premutation carriers compared to controls; however, Sobesky et al. [149, 150] reported problems of shyness, social anxiety, and depression in approximately 25%. These problems were also seen by Franke et al. [151] , who compared premutation females, both with and without children with FXS, to control females who had children with autism. Social anxiety and social phobia were significantly higher in carriers compared to controls without the premutation. The rates of depression were similar in women with or without the premutation who had children with developmental disabilities. The study by Johnston et al. [83] further established the role of the CGGrepeat expansion by demonstrating a significant association between psychiatric problems and molecular variables. Those authors studied 85 women with the premutation and found that those with greater than 100 CGG repeats had higher rates of depression and interperson sensitivity on the Symptom Checklist-90-Revised [SCL-90-R, 152] than women with CGG repeats of less than 100. They hypothesized that this difference was likely due to a lower level of FMRP in those with a higher CGG repeat level. However, the elevation of mRNA in carriers has a strong correlation to psychological measures in male carriers with obsessive compulsive behavior and overall psychopathology correlating with the degree of elevation of mRNA [153] .
A recent report by Hessl, Rivera et al. [154] demonstrated a lack of amygdala activation on fMRI to fearful faces in adult males with the premutation compared to age matched controls. This work suggests that the premutation likely interferes with connectivity to the amygdala in premutation male carriers. Similar findings of amygdala dysfunction have been also been reported in patients with ASD [155, 156] .
Of all types of premutation involvement, FXTAS has had the greatest clinical impact, since it is a progressive neurodegenerative disorder with a generally late-adult-onset and increasing penetrance with age [124, 157] . The core features of FXTAS are intention tremor and gait ataxia, and are generally accompanied by cognitive decline, autonomic dysfunction, and neuropathy [158] (see Table 1 ). Characteristic
The Fragile X Family of Disorders Current Pediatric Reviews, 2008, Vol. 4, No. 1 47 radiological features of FXTAS include white matter disease in subcortical and periventricular regions; and symmetric high-signal lesions (T2/FLAIR) in the middle cerebellar peduncles (MCP sign), which consist of axonal tracts traveling from the pontine nuclei to the cerebellum [159] .
The neuropathology of FXTAS includes the presence of eosinophilic intranuclear inclusions in neurons and astrocytes throughout the brain and brainstem, with the highest inclusion counts in the hippocampus and elsewhere in the limbic system. Inclusions have also been observed in the anterior and posterior pituitary [160, 161] . Purkinje cells in the cerebellum are lost (remarkably, Purkinje cells are generally devoid of inclusions) and subcortical astrocytes are remarkably activated. The inclusions contain a number of proteins that may be relevant to the disease process, including, Lamin A/C, hnRNPA2, and heat shock proteins, including alpha B crystallin [126] . There is dysregulation of the lamin A/C nuclear architecture as a direct consequence of expression of the expanded CGG-repeat mRNA; this lamin dysregulation alters cell cycle dynamics and may render the neuronal and astrocytic cells more sensitive to oxidative stress [125] .
We suspect that the toxic effects of elevated FMR1 RNA levels may also occur in early childhood, leading to clinical problems in a subgroup of premutation carriers, particularly males. Farzin, Perry et al. [5] studied 43 boys with the premutation, 14 boys who presented clinically, compared to their brothers who were identified by cascade testing of the family, and to their typically developing brothers who did not have the premutation. The proband boys with the premutation had a high rate of ADHD (93%) in addition to ASD (73% with half of these boys demonstrating full autism). Eight percent of the non-proband brothers who also carried premutation alleles, and who were identified by cascade testing, satisfied criteria for full autism; moreover, the group as a whole demonstrated shyness and mild social deficits that were more common than the controls [5] . Clifford, Dissanayake et al. [9] studied 50 premutation carriers and found that 14% of males and 5% of females met ADOS criteria for ASD. Therefore, premutation FMR1 alleles can also cause ASD, apparently through a new mechanism of RNA toxicity that is unique to the premutation [124] .
Males are more vulnerable to the adverse effects of the premutation mRNA presumably because females are protected by admixture of mRNA from the normal X chromosome. However, recent studies of adult females with the premutation have demonstrated a higher rate of autoimmune problems compared to controls. In a study of 146 female carriers, Coffey, Cook et al. [120] demonstrated that 4 to 8% of the older women developed FXTAS and that 50% of those with FXTAS had hypothyroidism and over 40% had fibromyalgia. Muscle aches and peripheral neuropathy were each seen in approximately 30% of adult female carriers. A previous report demonstrated multiple sclerosis in approximately 3% (3/106) of female carriers [unpublished results], and we have recently documented the presence of both MS and FXTAS in a female carrier on neuropathological studies [unpublished results]. It is likely that the elevated mRNA somehow leads to the stimulation of autoimmune dysfunction, particularly in female carriers, perhaps through the production of the increased levels of alpha B-crystallin [162, 163] observed in individuals with FXTAS, or possibly through Toll receptors that respond to mRNA and stimulate inflammation in the CNS [164, 165] . Recent studies in autism also demonstrate enhanced inflammation in the brain that likely interferes with CNS connectivity leading to autism [166] . We hypothesize that autism in premutation carriers is a model for the inflammatory or autoimmune mechanisms associated with idiopathic autism.
The RNA toxicity mechanism leading to FXTAS [review: 124] is now supported by animal research in both premutation mouse and Drosophila models, and in neural cell models. The addition of the premutation expansion leads to disease and inclusion formation in both mouse and Drosophila [167, 168] . Moreover, Jin et al. [167] demonstrated that a 90 CGG repeat, as RNA, results in atrophy in the eye and the formation of inclusions in the Drosophila neurons. Willemsen et al. [168] described the development of the eosinophilic inclusions in neurons (but not astrocytes) by 20 weeks of age in the premutation mouse model. Neurological problems, specifically motor problems have now been observed in these premutation mice who are aging [169] . Finally, Arocena, Iwahashi et al. [125] have demonstrated that many of the neuropathological features of FXTAS, including the formation of intranuclear inclusions, and altered lamin A/C regulation, can be recapitulated in neural cells in culture upon transfection of the cells with an 88 CGG repeat plasmid reporter construct. Cellular dysregulation was only observed when the plasmid was actively transcribing the expandedrepeat RNA, thus establishing the role of the RNA itself in the pathogenic mechanism.
CONCLUSION
In summary, the FMR1 mutation has generated two different molecular models for autism. In the case of full mutation alleles that give rise to fragile X syndrome, the underlying mechanism is gene silencing and the absence of FMRP, leading in turn to the dysregulation of other genes and proteins related to synaptic plasticity. This mechanism overlaps with other genetic causes of autism that impact the synapse, including mutations in SHANK3, Neuroligins 3 and 4, and MECP2. In the case of premutation alleles, which give rise to POF, FXTAS, and developmental and behavioral problems, including ADHD and ASD, an entirely different molecular mechanism -FMR1 mRNA toxicity -is operating. However, both molecular mechanisms lead to phenotypic overlap and, indeed, both give rise to autism. Thus, the operation of two separate mechanisms giving rise to a similar autism phenotype indicates that there are likely to be shared molecular or neural cellular pathways that precipitate the complex behavioral phenotype of autism. An excellent conceptual framework for the notion of integrated molecular functions giving rise to similar (autism) phenotypes has been presented by Laumonnier, Cuthbert et al. [170] . Those authors discuss the role of multiprotein postsynaptic complexes in human X-linked brain diseases; one of these complexes, the postsynaptic density (PSD), contains over onethousand distinct protein species. In their representation, mutations in one or more constituent proteins (e.g., shank, homer, or members of the ERK/MAPK pathways), while having diverse functions, all have an adverse effect on the PSD -the PSD thus becomes an integrator of diverse protein functions that results in the broader cognitive impairment/autism phenotypes (Fig. 3) . Finally, the emerging therapeutic agents for targeted treatment of FXS and FXSassociated autism may turn out to be helpful in other forms of autism. Such hope should stimulate further diagnostic endeavors for fragile X in those who present with ASD and further treatment studies in both fragile X disorders and autism. Fig. (3) Multi-protein post-synaptic complexes act to process synaptic receptor activity to produce an integrated post-synaptic output. Such complexes also act as integrators of the effects of specific single-gene mutations to produce common or overlapping phenotypic outcomes (e.g. cognitive impairment, autism).
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